Abstract Transboundary river basins face significant threats from climate change, with the need for adaptation widely noted. In this paper we develop a theoretically-rooted indicator-based evaluation framework to identify transboundary river basins where the need for adaptation support is pronounced and prioritize where attention is best placed. The framework combines indicators which capture the broad level potential to adapt (adaptive capacity) and the actual preparedness for adaptation (adaptation readiness) at the level of transboundary institutions. Adaptive capacity and adaptation readiness have not previously been evaluated and compared within a single framework, and by combining them we gain a more comprehensive and nuanced basis for characterising and evaluating the adaptation landscape and diagnosing opportunities and constraints for adaptation. We apply the framework to 42 transboundary basins in Mediterranean Europe, the Middle East, North Africa and sub-Saharan Africa, which account for 15 % of global transboundary river basins, are home to over 550 million people, and cover 8 % of Earth's total land area. We find: 1) There is widespread need for improving national and transboundary institutional support for adaptation spanning basins of various economic, physical, and demographic characteristics; 2) Many transboundary basins in Africa have low adaptive capacity, but were found to have high readiness to begin adapting if resources were available; and 3) Improved coverage of River Basin Organisations and treaties with mandates to recognise and respond actively to climate change would underpin adaptation efforts across basins.
Introduction
Transboundary river basins-defined as basins that cross national boundaries-are important components of the world's ecological, economic, political and social systems. There are 279 transboundary basins globally, covering almost half of the Earth's land surface, underpinning food systems for approximately 40 % of the global population and accounting for 60 % of global river discharge (Wolf et al. 1999; Timmerman et al. 2011) . Climate change presents threats to many of these basins, and is projected to alter river discharge as temperature, precipitation and evaporation patterns change (Zeitoun et al. 2013; Jiménez Cisneros et al. 2014 ) and extreme events become more common (Timmerman et al. 2011; Jiménez Cisneros et al. 2014) . In this context, transboundary river basins will be at the forefront of impacts from climate change and adapting to climate change in these basins has been identified as a priority (Timmerman et al. 2011; Cooley and Gleick 2011; Zeitoun et al. 2013; Milman et al. 2013) .
Despite the increasing importance of adaptation in climate policy, limited progress has been made in adaptation policy development and implementation (Gagnon-Lebrun and Agrawala 2007) . Transboundary river basins are no exception (Hooper and Lloyd 2011; MRC 2014; Lwasa 2015; Sud et al. 2015) . A recent global inventory, for example, documented that few basins have developed adaptation strategies and, to date, no transboundary basin has experience in implementing an adaptation strategy (MRC 2014) . As the need to prioritize investment, inform policy measures, and evaluate the adaptation landscape increases , a lack of systematic approaches and tools for this purpose has become apparent; particularly normative, index-based approaches for application at regional to global scales (Dupuis and Biesbroek 2013; Swart et al. 2014; Berrang-Ford et al. 2015; . Index-based approaches are needed to enable global scale measurement of whether investment in adaptation is reducing vulnerability and whether global agreements are translating to actual adaptation Magnan 2016) .
In response, we present an evaluation framework for identifying and characterizing the institutional constraints and opportunities for adaptation across transboundary river basins, that, for the first time, combines two approaches for assessing adaptation: adaptive capacity and adaptation readiness. The framework consists of a conceptual model and an indicatorbased analytical framework, and is applied to 42 basins located in Mediterranean Europe, the Middle East, North Africa and sub-Saharan Africa (list in Online Resource 1). These basins cover a range of physical, political and economic conditions, as well as varying exposure to climate threats. Together they account for 15 % of global transboundary river basins, cover 8 % of Earth's total land area and have a combined estimated population of 564 million.
Methods

Conceptual model
Our conceptual model focusses on the adaptation role of transboundary basin institutions. Institutions are the principles, norms, rules, and decision-making procedures around which riparian countries and international organisations interact (Marty 2001) . They can be formalised through bilateral or multilateral treaties, international conventions, joint management organisations, joint projects, or national laws and policies (Gerlak and Grant 2009; Goulden et al. 2009; Timmerman et al. 2011; Noble et al. 2014) . Alternatively, informal mechanisms can guide interactions on transboundary issues, including knowledge and data sharing, social agreements, and recognition of traditional resource uses (Goulden et al. 2009; Gupta et al. 2010; Timmerman et al. 2011) . Appropriately designed institutions can provide an enabling environment for transboundary river basin adaptation by avoiding damaging unilateral actions; allowing flexibility to respond to changes and identify uncertainties; enhancing the knowledge base; mediating and avoiding conflict; sharing costs and benefits; and providing a forum for knowledge creation, coordination and negotiation (Timmerman et al. 2011; Stefano et al. 2012; Noble et al. 2014; UNECE, INBO 2015) .
Two concepts are described in the literature as important for institutions to drive adaptation to climate change: adaptive capacity and adaptation readiness. Adaptive capacity refers to a system's ability or potential to adapt; for example, does it have adequate human, technical and financial resources? The concept of adaptive capacity has been widely applied in climate change research, and has proved a useful tool for understanding the ability to adapt (Brooks et al. 2005; Engle 2011 ). Varying by sector and region, a variety of social, political, economic, technological and institutional factors affect adaptive capacity including financial, technological and information resources, infrastructure, institutions, political influence, kinship networks and management abilities (Adger et al. 2007 ). The adaptation response of transboundary river basins depends on an aggregation of national adaptive capacities as well as capacity for cooperation, communication and coordination between riparians (Drieschova et al. 2009; Milman et al. 2013) .
Emerging from the realisation that adaptive capacity on its own may not lead to adaptation if targeted institutional and financial support is absent (O'Brien et al. 2006; Smith et al. 2009 ), the concept of adaptation readiness goes beyond adaptive capacity, with its focus on the theoretical potential for adaptation, and focusses on whether supportive measures and conditions for adaptation exist (Ford and King 2015) .
Adaptation readiness captures what is actually being done to plan and prepare for adaptation by capturing the strength and existence of governance structures that determine preparedness to support adaptation action and effectively develop, implement and monitor adaptation interventions; for example, are institutional structures in place for adaptive management (Ford et al. 2013; Ford and King 2015) ?
Adaptation readiness assessments therefore aim to examine preparations for adaptation, providing an indication of the likelihood that adaptation will occur and identifying where intervention will enhance preparedness (Ford et al. 2013; Ford and King 2015; Khan and Amelie 2015) . As such, the concept of readiness captures barriers and limits to adaptation, but its 'action orientated' focus also expands this to consider what is being done, or has been done, to prepare to adapt, addressing a critique that barriers-focused approaches fail to account for actual decision making processes (Biesbroek et al. 2015) .
Both adaptive capacity and adaptation readiness are needed for adaptation to occur. A high adaptive capacity on its own may not lead to adaptation if political and social impetus for adaptation is absent, or if there are few explicit attempts within institutions to plan and prepare for adapting (Vincent 2007; Smith et al. 2009; Gupta et al. 2010; Bauer et al. 2012; Mimura et al. 2014) . Likewise, high adaptation readiness may not lead to adaptation if the resources to adapt are not available (Ford et al. 2013; Ford and King 2015; Khan and Amelie 2015) . Yet, adaptive capacity and adaptation readiness have not previously been evaluated and compared within a single framework. Adaptation assessment has focussed on either adaptive capacity (e.g. Milman et al. 2013) or adaptation readiness (Khan and Amelie 2015) including work on adaptation limits and barriers (Moser and Ekstrom 2010; Eisenack et al. 2014) , noting that work on adaptive capacity has a long history while readiness is a relatively recent concept in the adaptation literature.
We assert that whilst the existence of both adaptive capacity and adaptation readiness will not always translate into adaptation, when combined they provide a strong basis for institutional action and thus can be used as a proxy for the likelihood of adaptation occurring in the short to medium term at the basin scale. In addition, combining capacity and readiness gives a more comprehensive and nuanced basis for characterising and evaluating the adaptation landscape, and diagnosing opportunities and constraints for adaptation. Therefore our evaluation framework recognises the need for institutional resources, structures, processes, and actions that determine both capacity and readiness to develop, implement, and monitor adaptations (Fig. 1 ).
Analytical framework
Dimensions and indicators for institutional adaptive capacity
In this paper, we utilise Milman et al.'s (2013) conceptual model and indicator framework for evaluating the institutional adaptive capacity of transboundary river basins as well as their published indicator results for 42 basins in the Middle East, Mediterranean and Sahel. Milman et al. (2013) identify six dimensions of adaptive capacity: i) authority; ii) national-level governance; iii) common perspectives; iv) risk planning and provisions; v) basin information exchange; and vi) linkages (Table 1) . Using the six dimensions, they identify two indicators for each dimension using a theory-driven indicator approach. The indicators were chosen based on publically available datasets and peer reviewed publications to ensure consistent application across all basins. The indicators are listed in Table 1 . To categorise basins based on adaptive Milman et al. (2013) use a hierarchical clustering method and identify groups of basins that consistently group together across multiple distance metrics including within-groups, between-groups, nearest, furthest, median, centroid, and ward methods (6).
Indicators for institutional adaptation readiness
Building upon empirical scholarship examining what determines whether adaptation actually takes place generally (e.g. Smith et al. 2009; Biesbroek et al. 2010; Moser and Ekstrom 2010; Ford and King 2015) and in transboundary river basins in particular (Drieschova et al. 2009; Kranz et al. 2010; Timmerman et al. 2011; Cooley and Gleick 2011; UNECE, INBO 2015) , we identify seven dimensions of adaptation readiness in transboundary basins. The seven dimensions, listed in Table 2 and described in detail in Online Resource 2, are: i) political leadership; ii) institutional organisation; iii) adaptation decision making; iv) stakeholder engagement; v) usable science; vi) adaptation funding; vii) and public support. Based on the seven dimensions of adaptation readiness, we developed an indicator framework for evaluating adaptation readiness of transboundary river basins. Indicators were selected to capture theoretical determinants of adaptation readiness, represented by the seven adaptation readiness dimensions, in a standardized and comparable format. Selection sought indicators that are easily interpreted, responsive to change, transparent and consistent, publically accessible, available for most countries, and reputably sourced (Eriksen et al. 2004; Milman et al. 2013) . Based on these criteria, 24 indicators were identified and relevant data collected; ten were then excluded because they were found to be correlated, lacked data availability or showed little variation between the basins. The resulting 14 indicators, two for each adaptation readiness dimension, are listed in Table 2 with further detail in Online Resource 3.
The indicators were developed on a scale of 0 to 100, with 100 representing high readiness. To assist identification of basins with high and low adaptation readiness, a composite, or aggregate, indicator was calculated as the average of the 14 dimension indicators. This method assumes substitutability: a deficit in one dimension can be offset by another dimension. A sensitivity analysis of potential indicator weightings indicates limited sensitivity to different weighting sets. Therefore no weighting was used. To ensure consistency, in developing groups of basins for a typology of adaptation readiness, we use the same hierarchical clustering method as Milman et al. (2013) . Online Resource 4 provides more information on aggregation, weighting and sensitivity and cluster analysis. 
Combining adaptive capacity and adaptation readiness
Whilst the conceptual difference between adaptive capacity and adaptation readiness is clear, the separation becomes more difficult when focussing on dimensions and indicators. Whilst some dimensions and indicators of adaptive capacity and adaptation readiness are similar, there are no direct overlaps and they have been carefully chosen to reflect the broader conceptual understanding of the two terms. For example, whilst an indicator for capacity to adapt may assess whether a River Basin Organisation (RBO) is in place, the indicator for readiness asks whether the RBO has been given a climate change adaptation mandate (see Online Resource 5 for further examples). In the final step, adaptive capacity and adaptation readiness scores were compiled and contrasted in a matrix providing the basis for identifying priorities for adaptation support between basins and the barriers to adaptation within each basin. The matrix was used to group basins using a simple method recognising indicators as most suited to comparative analysis (Schneiderbauer et al. 2011; Milman et al. 2013) , and therefore restricting the grouping space to the maximum and minimum results for adaptive capacity and adaptation readiness. The grouping space was then split so that basins are assigned as below or above the average aggregate score allowing division into four groups: A) basins with below average adaptive capacity and adaptation readiness; B) basins with above average adaptive capacity and below average adaptation readiness; C) basins with above average adaptation readiness and below (Milman et al. 2013) . Using cluster analysis to group basins with similar characteristics, the authors suggest that four main characteristics are strong determinants of adaptive capacity: existence of formal agreements, existence of RBOs, amount of trade between riparians and riparian dependency on the basin's water resources. Milman et al. (2013) use these insights to assign the basins to six groups: high capacity, good neighbour, mediated cooperation, dependent instability, self-sufficient and low capacity. Our evaluation of adaptation readiness for the 42 basins shows a large variation in the dimensions and aggregated index scores across the study area (Fig. 2) . The average aggregate index for adaptation readiness is 40 (out of a possible 100), yet basins such as Wadi Al Izziyah score as low as 19 (again the lowest of all 42 basins), and basins such as the Senegal reach as high as 66 (see Online Resource 6 for full list of index results). Adaptation readiness is geographically more evenly spread than adaptive capacity, with high adaptation readiness documented in Mediterranean Europe and across the African basins (Fig. 2) . This reflects the different focus and resourcing requirements for capacity and readiness. Adaptive capacity is more focussed on general levels of development and financial resources, which the African basins often lack compared to those in Europe, whilst adaptation readiness is targeted to adaptation and places less emphasis on resources.
Clustering of the basins according to adaptation readiness dimensions can improve understanding of what is limiting adaptation. The basins were clustered into six groups (Fig. 3) and analysed to identify patterns of indicators results within and between groups. The result is not the only grouping possible, but is useful in highlighting the variance and consistency across basins. One group, titled low adaptation readiness, comprising 33 % of the study basins (n = 14), performed poorly on most dimensions. The basins were spread throughout the study area including all six basins located entirely in North Africa, four basins out of ten in subSaharan Africa, two basins out of six in the Middle East and two basins out of 20 in Mediterranean Europe (Fig. 2) .
Two groups scored highly for at least seven of the indicators and were labelled as high adaptation readiness. One of these groups, with only two basins -Danube and Senegal -has high institutional readiness for adaptation including basin adaptation plans and RBOs with specific climate change functions. The existence of basin adaptation plans and designation of specific climate change functions to RBOs may be because the RBO in each basin, commissioned in 1948 and 1972 respectively, have had time to establish themselves as strong transboundary institutions. The second high adaptation readiness group, comprised four basins: one in Mediterranean Europe and three in North and sub-Saharan Africa. They scored highly for most dimensions except for institutional organisation for adaptation, because no RBOs had specific climate change functions and only some of the basins had basin adaptation plans.
Each of the three remaining clusters were evaluated as having average adaptation readiness. Comprising 26 % of the study basins (n = 11), the group titled lacking funds for adaptation was rated as average for most dimensions and particularly low for access to adaptation funds. These basins predominantly span the countries of Eastern Europe which have smaller economies than their western European counterparts and are often ineligible to receive adaptation funding through UN organizations. The two basins in the group titled power hegemony have low power distribution. Both basins have low power distribution because they span the two economically powerful countries of France and Spain, and the small country of Andorra. This may restrict basin-wide adaptation measures as more powerful riparian countries tend to shape basin decision making for their own interests (Zeitoun et al. 2013) . The final group, titled public driven adaptation, covers 24 % of the study basins (n = 10). These basins are rated relatively average for most of the indicators and rated highly for the World Bank's Voice and Accountability Index and public perception of climate change as a personal threat. This implies 
Combining adaptive capacity and adaptation readiness of transboundary river basins
Comparison of adaptation readiness and adaptive capacity for the 42 basins shows a wide range in the likelihood of action on adaptation (Fig. 4) . A quarter of the dataset (n = 10), all located in Mediterranean Europe (Fig. 5) , are classified as having above average adaptive capacity and adaptation readiness and are therefore likely to have limited barriers to adaptation -Douro/Duero, Mino, Rhone, Guadiana, Lima, Tagus/Tejo, Danube, Po, Bidasoa and Lake Prespa. Half the dataset (n = 22), were found to have below average adaptive capacity and adaptation readiness meaning that they are likely to need support to adapt. These basins are located throughout the study area in North and sub-Saharan Africa, the Middle East and Mediterranean Europe, indicating that higher income regions do not always translate into better preparedness or capacity for adaptation. Of the remaining basins, four basins located at least partly in sub-Saharan Africa -Senegal, Nile, Gambia and Niger -are identified as basins with above average adaptation readiness and below average adaptive capacity ; and five basins, including one in sub-Saharan Africa (Volta) and four in Mediterranean Europe, are classified as basins with above average adaptive capacity and below average adaptation readiness .
Discussion
We have developed an evaluation framework for assessing adaptation constraints in transboundary river basins, piloting the framework for 42 basins in the Middle East, Mediterranean Europe, North Africa and sub-Saharan Africa. The framework is theoretically rooted and is unique in combining indicators of adaptive capacity and adaptation readiness, thus building on traditional adaptive capacity focussed approaches by characterising actual preparedness for adaptation as well as the broad-level potential to adapt. The approach provides a starting point for identifying priorities for adaptation, and a systematic and standardized means for assessing and monitoring change over time. Caution is needed in interpreting the findings, noting that the focus is on comparison across basins at regional and national levels. The breadth of such analysis can overlook important characteristics of individual basins: for example, many of the indicators identify the existence of institutions such as adaptation plans, treaties or RBOs but do not provide a measure of the institution's effectiveness. Furthermore, the analysis is based on publically available datasets, with limited available indicators for some components of the framework such as stakeholder engagement and adaptation funding. These limitations are widely noted challenges facing research at this scale (Lesnikowski et al. 2016; Ford and Berrang-Ford 2015) and emphasises the importance of validating indicator work with in-depth studies in specific basins and using the research as a starting point for further examining trends . A specific example for caution comes from the definition of the power hegemony group including only two basins, Ebro and Garonne, located across the same three countries which are not known for negative water interactions.
A number of policy relevant insights emerge from the focus on 42 basins. Firstly, support for adaptation is needed in many basins. More than half of the basins in the dataset (n = 22) were identified as having below average adaptive capacity and adaptation readiness. The basins are mostly located in Africa and the Middle East, but also include Mediterranean European basins such as Neretva, Krka, Velaka and Ebro. This insight adds further nuance to Milman et al's (2013) suggestion that these basins have limited capacity to adapt by also establishing that little action to enhance their readiness for adaptation is underway, and there is little evidence that their transboundary and national institutions will invest in adaptation policy or programming in the near future. Whilst there is potential for adaptation to be led by subnational actors, the widespread nature of this finding in basins of diverse socio-economic, demographic and biophysical contexts raises broader concerns about adaptation in transboundary river basins globally.
Secondly, where there is divergence between assessments of adaptive capacity and adaptation readiness, the findings can help identify barriers to adaptation. Barriers can be assessed at the basin level, for example, Maritsa Basin is rated highly for adaptive capacity, mainly due to institutional structures for facilitating basin planning and action, but low for adaptation readiness due to the absence of political leadership and institutional organisation for adaptation. It is therefore apparent that institutions in the basin are in place and have the capacity to drive adaptation but there is a lack of political will to make use of this capacity. In contrast the Senegal Basin was ranked 24th in adaptive capacity yet first for readiness. Demonstrating a strong interest and willingness to adapt, the Senegal Basin has national and basin plans for adaptation, an RBO with a specific climate change mandate and institutions with adaptive management approaches. In this basin, there appears to be enough impetus for adaptation but adaptive capacity needs to be enhanced through a focus on the uncertainty management, risk planning and data sharing capabilities of the Organisation Pour la Mise en Valeur du Fleuve Senegal (Senegal River Basin Development Authority) and the various agreements which govern the basin.
Comparison of adaptive capacity and adaptation readiness provides interesting insights at the regional scale for African basins. While transboundary basins in Africa tend to have low adaptive capacity, in a number of cases they demonstrated strong readiness relative to other basins. Only one African basin, the Volta Basin, was placed in the top 15 basins for adaptive capacity, yet five African basins were placed in the top 15 for adaptation readiness. Compared to basins in Mediterranean Europe, basins in Africa generally rate low for adaptive capacity due to a relative lack of financial and technical resources (Goulden et al. 2009; Milman et al. 2013) . According to our framework, the high adaptation readiness for basins located in Africa is predominantly due to strong political leadership on adaptation, evident through indicators measuring the existence of national or basin adaptation plans or strategies. The strong performance in development of national plans for action in African basins in part reflects the United Nations Framework Convention on Climate Change (UNFCCC) National Adaptation Plan of Action (NAPA) process which has played a key role in building political leadership by providing guidance on adaptation in the least developed countries (Stucki and Smith 2011) . However, concerns about the NAPA's effectiveness for leading to practical actions should be noted (Hardee and Mutunga 2009) and it is unlikely that a NAPA on its own will lead directly to basin adaptation.
Finally, two basin level factors have a major impact on the potential for adaptation: basin level political leadership as measured by the existence of a basin plan for adaptation, and adaptive basin-level institutions represented by the participation of most riparians in RBOs and treaties with flexible management approaches. The involvement of all riparians in a treaty or RBO can greatly improve the ability to adapt by avoiding conflicting management approaches and enabling cooperation (Drieschova et al. 2009; Timmerman et al. 2011; Cooley and Gleick 2011 ). Yet, almost half of the basins studied (n = 19) had either no formal agreement or an agreement between a limited selection of riparians. For example, the Tigris-Euphrates/Shatt al Arab Basin has no basin-wide management institution in place which is leading to independent development by each riparian aimed at maximising national benefit, rather than optimising adaptation measures at the basin level (Zeitoun et al. 2013) . Furthermore, where RBOs or treaties involving all riparians are in place, most are not designed or mandated to recognise and respond to climate change. For example, only two basins -Danube and Senegal -have RBOs with specific climate change functions. These functions range from being mandated to develop and implement a basin adaptation strategy, to being the focus of human resources capacity building on climate change issues. Whilst this does not mean other RBOs will not drive adaptation, in the case of the Danube and Senegal, preparing for climate change is specifically within their mandate, enhancing the likelihood of action (Drieschova et al. 2009; Smith et al. 2009 ).
These findings have important policy implications. For those basins with no RBO or treaty, or where only some riparians are involved, the first step towards basin level adaptation is to build basin level capacity by developing an RBO or treaty that involves all riparians (or at least all riparians which cover a significant portion of the basin catchment area). In cases where RBOs or treaties exist, adaptation readiness needs to be built by expanding their mandates to actively recognise the challenges presented by climate change and provide a flexible mechanism to deal with the uncertainty it presents.
